Purpose: We compared the regional cerebral blood flow (rCBF) obtained by pulsed continuous arterial spin labeling (pCASL) and iodine-123-N-isopropyl-p-iodoamphetamine (IMP) single photon emission computed tomography (SPECT) using 3-dimensional stereotactic region-of-interest (ROI) software for automated definition of ROIs in anatomic regions of the brain.
Introduction
Arterial spin labeling (ASL) is a magnetic resonance (MR) imaging technique performed without injection of contrast medium to assess perfusion in tissue. [1] [2] [3] In this technique derived from the use of an endogenous tracer, labeling of the magnetization of water molecules in arterial blood by saturation or inversion pulses produces a change in the nuclear MR signal as arterial blood perfuses into tissue. This technique has several advantages for measur-ing cerebral blood flow (CBF) in the clinical setting; it is noninvasive and repeatable and does not require use of an exogenous medium. These advantages are especially useful for pediatric patients, patients with allergies, and patients with renal dysfunction at risk for developing nephrogenic systemic fibrosis (NSF). 4 ASL perfusion quantification relies on the change in signal between labeled images, in which magnetization of the arterial blood is inverted or saturated, and control images, in which the magnetization is fully relaxed. Typically, ASL is a technique with very low signal-to-noise ratio (SNR) because of both the limits of the T 1 relaxation time of arterial blood and the transit time from the labeling plane to the imaging plane. Consequently, the change in perfusion signal by ASL between the control and labeled images accounts for only one to 2% of signal. The 2 major ASL methods are continuous (CASL) and pulsed (PASL). CASL uses a constant gradient and a radiofrequency (RF) pulse to create a condition of adiabatic inversion driven by blood flow, 1, 2 and PASL uses an instantaneous RF pulse to invert a slab of arterial blood. 3 Wang and associates reported that the raw signal measured with CASL is approximately 25% greater than that with PASL, 5 but labeling efficacy is slightly lower with CASL. 1, 6, 7 Furthermore, it is known that transit time effects affect CASL less than PASL, which causes systematic errors in quantitative CBF measurements in ASL. 8, 9 Recent technical advances have resulted in the development of pseudo-or pulsed continuous ASL (pCASL), an intermediate method that employs a train of discrete RF pulses to mimic flow-driven adiabatic inversion to take advantage of the superior SNR of CASL and the greater tagging efficiency of PASL. 10, 11 In addition, the high magnetic field strength is expected to improve SNR by taking advantage of the increased T 1 relaxation time of arterial blood. Good agreements have already been found between CBF obtained by pCASL at 3.0 tesla and other modalities, such as positron emission tomography (PET) and dynamic susceptibility contrast (DSC) MR imaging. 12, 13 Iodine-123-N-isopropyl-p-iodoamphetamine (IMP) single photon emission computed tomography (SPECT) using autoradiography (ARG) is an established standard method to assess CBF, with substantial evidence accumulated in nuclear medicine. It is known that CBF values show good correlation between IMP SPECT and PET using H 2 15 O or C 15 O 2 .
14,15
In patients with acute ischemic disease, simple and expeditious assessment of CBF is required to help decide the optimal therapeutic approach, which may include noninvasive or invasive recanalization. ASL can be added to routine images of non-contrast MR imaging examination, and follow-up is easily repeatable, so it is desirable to determine whether this technique can be applied to assess the CBF of patients with cerebrovascular disease. At present, nuclear medicine studies are commonly used to assess CBF. The rCBF values obtained by ASL and nuclear medicine studies may differ because the signal sources differ. It may also be important to understand how the characteristics of rCBF values calculated by ASL differ from those derived from nuclear medicine techniques. Good agreement has been reported between ASL and nuclear medicine studies. 12, [16] [17] [18] However, these studies have usually involved the manual setting of regions of interest (ROI) on the CBF map, introducing inter-rater variability and making detailed comparisons of brain regions difficult.
We compared the quantitative rCBF obtained by pCASL and IMP SPECT in patients with cerebrovascular occlusive disease and used automatic ROI-setting software free of operator bias to compare detailed anatomic regions of the brain.
Materials and Methods

Subjects and instruments
Subjects were 15 patients (10 men, 5 women; mean age, 69 years; range, 43 to 91 years) with suspected cerebrovascular occlusive disease. Two had middle cerebral artery (MCA) occlusion, one had both MCA and cervical internal carotid artery (ICA) stenosis, nine had cervical ICA occlusion or stenosis, and 3 patients transient ischemic attacks (TIA) (Table) . The time from symptom onset to the patient's coming to the hospital varied considerably among patients. At the initial visit, the National Institutes of Health Stroke Scale (NIHSS) was assessed. Stroke was suspected on the basis of clinical signs, and MR imaging was given priority over CT. Ten patients proved to have acute ischemic attacks within 7 days of symptom onset. Two of these had chronic lacunar infarctions in the white matter, but MR imaging showed no major stroke. One of the ten (Subject 5) underwent intravenous thrombolytic treatment. Other patients diagnosed with stroke for whom thrombolytic treatment was counterindicated received conventional antiplatelet treatment.
Our hospital's institutional ethics committee approved the study, and after giving informed consent, all patients underwent both pCASL and IMP SPECT studies in addition to routine clinical examination. The intervals between the 2 studies were pCASL MR imaging was performed using a 3.0-T wholebody scanner (Signa Excite HDx, GE Healthcare, Waukesha, WI, USA) with an 8-channel phased-array coil. PCASL was added to conventional noncontrast MR imaging examinations. Conventional MR imaging sequences included diffusion-weighted imaging (DWI), T 2 *-weighted imaging, 3-dimensional (3D) time-of-flight MR angiography (MRA), and T 2 fluid attenuated inversion recovery (FLAIR).
We developed the pCASL sequence according to the report of Dai and colleagues. 11 The sequence consisted of pulsed continuous labeling, background suppression, 3D fast-spin-echo acquisition with an interleaved stack spiral readout, and centric ordering in the slice encoding direction. Measurement conditions were: repetition time (TR), 4632 ms; echo time (TE), 10.5 ms; labeling duration, 1500 ms; post-labeling delay, 1500 ms; field of view (FOV), 24 cm; 512 sampling points on 8 arms; reconstructed matrix, 128 © 128; slice thickness, 5 mm; slice number, 32; number of excitations (NEX), 2; and total scan time, 3 min 15 s. In the same sequence, proton density images required for CBF quantification were made. The following formulas were applied to calculate quantitative rCBF from pCASL images in each patient in accordance with the description of Alsop and Detre.
where f = rCBF [mL/100 g/min], and S c is the signal intensity in the control images and S l is that in the labeled images. S PDref is the proton density image intensity; T 1b , the T 1 of blood (1600 ms); T 1g , the T 1 of gray matter (1200 ms); t sat , a saturation time of 2000 ms in the flow-attenuated proton density image; ¡, the labeling efficiency, assumed to be 95% for labeling multiplied by 75% for background suppression; , the brain-blood partition coefficient 0.9; t l , the labeling duration (1500 ms), and w, the post-labeling delay time (1500 ms). The post-labeling delay time was introduced to reduce the influence of the transit time effect and vascular artifacts, which causes under-or overestimation of the rCBF. 8, [19] [20] [21] 
SPECT
In the SPECT study, we used a 2-detector apparatus (E.CAM dual-head gamma camera, Toshiba Medical Systems Corp., Tokyo, Japan) with fan beam collimators and injected IMP as a radioisotope tracer for cerebral perfusion. SPECT images were acquired in a 64 © 64 matrix by continuous rotation for 28 min (7 rotations, 4 min/rotation) after injection of IMP (111 MBq). We applied comparatively long scan time and a 64 © 64 acquisition matrix to obtain enough radiation counts. Images were reconstructed by the ordered-subset expectation maximization method (OSEM) algorithm. The µ-map obtained from projection data was used for both attenuation correction and scatter correction when transmission-dependent convolution subtraction (TDCS) was applied. One-point arterial blood sampling from the brachial artery was performed 10 min after IMP administration to quantify cerebral blood flow using the ARG method. 14, 15, 22 Three-dimensional stereotactic region-of-interest template
The 3D stereotactic ROI template (3DSRT; Fujifilm RI Pharma, Tokyo, Japan) is automated ROI analysis software deforms a normal brain template and establishes identical ROIs on anatomically standardized brain images to estimate rCBF objectively and reproducibly. 23 The 3DSRT template uses the algorithm of statistical parametric mapping (SPM99) software (Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK) to standardize anatomical coordinates based on those of the Montreal Neurological Institute (MNI). The final matched spatial resolution of pCASL and IMP SPECT images was 2.0 © 2.0 © 2.0 mm 3 (FOV, 158 © 190 mm; re-gridding matrix, 79 © 95). The ROI of 3DSRT was categorized into 12 segments-callosomarginal, precentral, central, parietal, angular, temporal, posterior cerebral, pericallosal, lenticular nucleus, thalamus, hippocampus, and cerebellum (Fig. 1) . In all patients, we visually verified the accuracy of segmentation by 3DSRT and found good agreement for each anatomical region.
Quantitative comparisons
For quantitative comparisons, we used 11 of the 12 segments of the brain on the gray matter with 3DSRT, excluding that in the cerebellum because of the risk of crossed cerebellar diaschisis in patients with cerebrovascular occlusive disease. Additionally, findings in 3 of the 15 patients (Subjects 13-15) were normal, and we categorized both hemispheres as normal. Therefore, we used 198 segments in 18 normal hemispheres and 132 segments in 12 affected hemispheres.
To compare rCBF obtained by pCASL and IMP SPECT, we compared the quantitative rCBF value of each of the 11 segments in the normal hemisphere between pCASL and IMP SPECT, calculated the correlation coefficient between pCASL and IMP SPECT from rCBF values in the normal hemisphere and the affected hemisphere, and calculated the asymmetry index (AI) of each segment for both pCASL and IMP SPECT according to the formula: 100 © f(left ¹ right)/(left + right)g. Positive values indicated right-sided hypoperfusion, and negative values indicated left-sided hypoperfusion.
We used paired t test to compare rCBF and Pearson's correlation coefficient test to assess correlation coefficients. Bland-Altman plots were generated to display the spread of data and limits of agreement. The data were analyzed by using SPSS software (Ver. 12; SPSS Inc. Chicago, IL, USA). P < 0.01 was considered significant. Figure 2 shows representative images of pCASL and IMP SPECT. Both show hypointensity in the right hemisphere, the affected side (Subject 2). Although the maximum intensity projection (MIP) image of MRA showed occlusion of the right middle cerebral artery (MCA), digital subtraction angiography revealed a collateral pathway via a leptomeningeal anastomosis (LMA) from the ipsilateral posterior cerebral artery (PCA). This patient had multiple localized infarctions in the region of the right MCA (Table) . Although both CBF images showed hypoperfusion not only at the regions of infarction but also at the right thalamus outside the region of infarction, which was probably caused by diaschisis, scatter plots indicated a linear correlation between rCBF values obtained by pCASL and IMP SPECT. Figure 3 shows the calculated quantitative rCBF value of each of the 11 segments of the normal hemisphere. The rCBF values in most segments indicated comparable values for pCASL and IMP SPECT. However, rCBF values in the thalamus (P < 0.0001) and hippocampus (P = 0.0006) segments were significantly higher obtained by pCASL than IMP SPECT. Figure 4 shows scatter plots of the rCBF values in the normal and affected hemispheres. Significant linear correlations were found in both (P < 0.0001). The correlation coefficient tended to be lower of the affected hemisphere (r = 0.50) than the normal hemisphere (r = 0.59), but there was no significant difference (P = 0.25). In the normal hemisphere, a Bland-Altman plot demonstrated a mean difference in rCBF of ¹1.10 mL/100 g/min between pCASL and IMP SPECT (Fig. 5a ). There was no fixed (P = 0.098) or proportional bias (r = 0.017, P = 0.831). Therefore, there was good agreement between pCASL and IMP in the normal hemisphere. On the other hand, in the affected hemisphere, a Bland-Altman plot demonstrated a mean difference in rCBF of ¹2.53 mL/100 g/min between pCASL and IMP (Fig. 5b) . There was a fixed bias (P = 0.0047) of underestimation of rCBF by pCASL, but the bias of underestimation was approximately 10% of rCBF. There was no proportional bias (r = ¹0.169, P = 0.052). Figure 6 shows the scatter plot of calculated AI. A significant linear relationship was found with a high correlation coefficient (r = 0.79, P < 0.0001), but AI values tended to be higher obtained with pCASL than IMP SPECT.
Results
Discussion
We compared pCASL and IMP SPECT in patients with cerebrovascular occlusive disease using 3DSRT software to avoid operator bias. Most studies comparing ASL and other brain perfusion methods have set ROIs manually on the CBF map, 12, [16] [17] [18] but the manual setting of ROIs introduces inter-rater variability, which is avoided using 3DSRT because the software automatically draws the segmented ROI after registration to an anatomically standardized brain image. In our study, use of 3DSRT allowed detailed comparison in each region of the brain.
Several factors are known to cause errors in quantitative measurements of CBF with ASL, including transit time effects and vascular artifacts. 8, 19, 20 Transit time effects may cause underestimation of rCBF. Alsop's group suggested using post-labeling delay time (PLD), 8 the time between image acquisition and the labeling of arterial blood, to make the CASL sequence insensitive to transit time effects. If the PLD is shorter than the arrival time of labeled blood for the intended tissue, rCBF values lead to underestimation because we cannot differentiate the signals of control and labeled im- ages. Therefore, the PLD must be longer than the arterial transit time for the intended tissues. However, increasing the PLD reduces the difference between signals of control and labeled images, which decay exponentially with the T 1 relaxation time in arterial blood. Vascular artifacts are observed at the time of image acquisition, and some labeled blood may be present in the arteries or arterioles rather than in the intended tissues. Such vascular artifacts will lead to overestimation of the rCBF. 19, 20 Ye and associates 21 suggested using the crusher gradients and PLD to suppress the development of vascular artifacts in PASL. However, we performed pCASL without using crusher gradients because it is difficult to determine the adequate strength of bipolar gradients. This could account for the remaining vascular artifacts. We only introduced PLD to reduce the influence of transit time effects and vascular artifacts.
Our results showed comparable quantitative rCBF values between pCASL and IMP SPECT in most regions, except in the thalamus and hippocampus. The overestimation by CBF with ASL in gray matter is consistent with findings in earlier studies comparing ASL with image acquisition using a single PLD to PET, 16, 24 and those studies attribute the overestimation mainly to the intravascular signal of microvessels, even when longer PLD times are used. The blood vessels feeding the thalamus are penetrating branches of the posterior communicating artery, anterior choroidal artery, and perforating branch of the posterior cerebral artery (PCA). Those of the hippocampus are the posterior communicating artery, anterior choroidal artery, and cortical branch of the PCA. Labeled blood remaining in these small feeding arteries can lead to overestimation of CBF. 21 Furthermore, rCBF can still be underestimated in hyperperfused regions with IMP SPECT because of lower imaging resolutions. 15 The thalamus and hippocampus are localized to a small region and hemmed in by white matter. Inclusion in the ROI of white matter signal with lower rCBF might yield partial volume effects.
Siewert and associates 25 reported slower flow in the posterior circulation than in the anterior and middle. Using echo-planar imaging with signal targeting and alternating radiofrequency (EPISTAR), as an example of a PASL technique, with a PLD of 1400 ms, they observed vascular artifacts in the cerebral cortex in the territory of the PCA and overestimated the rCBF. Therefore, they noted that a longer PLD (>2400 ms) might be necessary to image the posterior circulation. In our study, the rCBF in the territory of the PCA was not overestimated using pCASL with a PLD of 1500 ms. One reason is that PASL uses an instantaneous radiofrequency pulse to invert a slab of arterial blood, whereas pCASL uses a train of discrete RF pulses. In our study, the labeling duration in pCASL was 1500 ms, and the time from beginning of labeling to image acquisition was over 3000 ms.
In comparing correlation coefficients, we observed significant linear correlation between the rCBF of pCASL and IMP SPECT. However, the correlation coefficient of the affected hemisphere tended to be lower than that of the normal hemisphere. This difference may be influenced by transit time effects and vascular artifacts in pCASL. The hemisphere with arterial occlusion exhibits slow flow. In previous studies, patients with cerebrovascular disease and consequent prolonged arterial transit time required a PLD of at least 1500 ms in CASL 26 and at least 2400 ms in PASL. 25 Subject 8 demonstrated obvious mismatch between pCASL and IMP SPECT in the affected hemisphere. pCASL showed delayed bright intravascular signal in the territory of the right MCA and focal low signal because the labeled arterial blood had not arrived in the watershed area of the right MCA to the PCA. In contrast, the IMP SPECT study showed normal perfusion (Fig. 7) . In this case, arterial transit time was prolonged because of the cross-filling of the right anterior cerebral artery (ACA) and MCA from the left ICA circulation and the collateral pathway via the LMA from the left PCA (Fig. 7c) . Therefore, pCASL showed sig- Fig. 6 . Scatter plots of the calculated asymmetry index (AI). A significant linear relationship is found with a high correlation coefficient (r = 0.79, P < 0.0001). The AI values tend to be higher for pulsed continuous arterial spin labeling (pCASL) than iodine-123-N-isopropyl-p-iodoamphetamine (IMP) single photon emission computed tomography (SPECT).
nal variation in the affected hemisphere. ASL has also been reported to provide information regarding the presence of collateral cortical flow using both CASL and PASL. 25, [27] [28] [29] [30] The studies of the teams of Chalela, using CASL, 27 Viallon, using flow-sensitive alternating inversion recovery (FAIR) as an example of a PASL technique, 30 and Wang, using pCASL, 31 reported the cases of patients presenting with hyperperfusion in the ischemic territory. They explained hyperperfusion corresponding to bright intravascular signal with delayed arterial transit and luxury perfusion previously demonstrated by PET study. 32, 33 The presence of hyperperfusion after stroke on ASL indicated reperfusion and collateralization, correlating with stroke severity and functional outcome. By contrast, Tanaka's team 34 reported longer T 1 values in the ischemic area and freer extavasation of water in the blood by disruption of the blood-brain barrier, which resulted in overestimation of CBF by ASL as hyperperfusion.
Regarding the bilateral difference in rCBF in pCASL and IMP SPECT, AI values were strongly related in both methods (r = 0.79, P < 0.0001). Therefore, we feel the quantitative rCBF values from pCASL as well as those calculated from IMP SPECT can be used to evaluate the site of ischemia. However, the AI values of pCASL tended to be higher than those of IMP SPECT, indicating that pCASL may overestimate the degree of ischemia. This is thought to result from a fixed bias of underestimation of rCBF by pCASL in the affected hemisphere (Fig. 5b) .
Our study has several limitations. First, the time intervals from symptom onset to examination var- ied, and the patient populations were inhomogeneous. However, we compared CBF maps obtained by pCASL and IMP SPECT studies as close as possible to one another. Moreover, we ensured there was no thrombolytic therapy during pCASL and IMP SPECT imaging. Second, though most of our patients had acute atherothrombotic infarction, fewer patients had acute embolic infarction of cerebral artery with rapid change in blood flow in a short time. Further studies are needed to establish the validity of pCASL in patients with acute embolic infarction. Third, with regard to the accuracy of segmentation using 3DSRT, previous studies estimated good correlation between 3DSRT and manual tracing methods in 10 (83.3%) of 12 brain segments, but poor correlation was seen in the pericallosal and hippocampal segments. Fourth, ROIs set automatically might include undesirable signals, such as from vascular artifacts and areas of focal signal loss because of transit time effects, and average such signals. This averaging effect would be unavoidable using 3DSRT. Finally, we compared IMP SPECT as a standard method. PET has become recognized as a standard for CBF quantification. There is a good correlation between CBF values obtained from IMP SPECT and PET, but it is known that the ARG method underestimates rCBF in areas of hyperperfusion and overestimates it in areas of hypoperfusion. 15 Nevertheless, IMP SPECT is an established standard method of CBF assessment and brings with it substantial clinical evidence of its utility.
In conclusion, without operator bias, we could calculate and compare rCBF values of pCASL and IMP SPECT in patients with cerebrovascular occlusive disease. Although pCASL correlates linearly with IMP SPECT, overestimation of the extent of ischemia by pCASL decreased the correlation of rCBF values by the 2 methods. The rCBF values in the thalamus and hippocampus would be higher by pCASL than IMP SPECT. It is important to recognize these different characteristics of pCASL perfusion imaging from those of conventional IMP SPECT when applying pCASL to patients with cerebrovascular ischemia.
